Background: Amyloid diseases are characterized by the tissue deposition of extracellular proteinaceous material, which results in organ dysfunction and death. Colocalization of heparan sulfate (HS) proteoglycans to amyloid deposits suggests that they may be an early event in amyloid formation and play an important role in fibril formation. Structural analysis has demonstrated that HS interacts with amyloidogenic proteins resulting in structural changes that allow for an increase in ␤-sheet content, possibly enhancing fibrillogenesis. Recent studies have shown that small-molecule anionic sulfonates or sulfates can arrest inflammation-associated (AA) amyloid induction.
Introduction
One of the hallmarks of amyloid diseases is the extracellular accumulation of proteinaceous fibrillar tissue deposits (1) (2) (3) . These extracellular deposits of proteins are characterized by the insoluble aggregation of protease-resistant material that is thought to contribute to the pathogenesis of many amyloid diseases (4) . A␤-peptide of Alzheimer's disease is the most common form of amyloid disorder; however, there are many other pathologic entities that fall into this classification. Primary amyloidosis or light chain amyloid (AL), secondary or inflammationassociated amyloid (AA), amylin or islet amyloid polypeptide (IAPP) amyloid associated with noninsulin-dependent diabetes mellitus, and senile systemic amyloid (transthyretin, TTR) are several of at least 20 different amyloid diseases (5) . In addition, a number of common elements have been identified as being important in the process of amyloid deposition (6) . These include serum amyloid P (SAP) component, apolipoprotein E (apoE), and heparan sulfate (HS) proteoglycans (HSPG, specifically perlecan), which appear to facilitate amyloid formation (7) (8) (9) . Recent studies have demonstrated the significance of common components in the process of amyloid deposition. In vitro studies have shown that SAP and apoE can stimulate as well as reduce the fibril formation of A␤ peptide (10) (11) (12) . Subsequently, mice deficient in SAP and apoE have a decrease in amyloid accumulation in AA and A␤ amyloid models (7, 8, 13) .
Highly sulfated glycosaminoglycans are present in all forms of amyloid identified. HSPGs are a fundamental part of the basement membrane structure and may provide an initiation point for amyloid fibrillogenesis (14) . Studies have shown that perlecan mRNA and protein are increased early during amyloid induction and are found concurrently deposited with AA amyloid (15) . This relationship suggests that HSPGs may play a substantial role in amyloidogenesis. Kisilevsky et al. (16) proposed that inhibition of precursor protein interaction with HSPG would alter fibrillogenic potential and reduce amyloid deposition. Using smallmolecular-weight sulfonates and sulfates, not only was AA amyloid progression retarded, but these molecules enhanced clearance of established amyloid fibrils.
With this in mind, we reasoned that heparins might be able to have a similar effect on amyloid formation. Injection of mice with the low-molecularweight heparins (LMWH) enoxaparin and dalteparin resulted in the dramatic inhibition of amyloidogenesis in the mouse AA amyloid model. In addition, the LMWHs were capable of reversing the process of amyloidosis and inhibiting fibril formation by blocking the formation of ␤-pleated structures. These studies suggest that LMWHs may provide a potential therapeutic strategy for treatment of amyloid diseases, specifically Alzheimer's disease.
Materials and Methods

Reagents and Animals
All reagents used in this study were of the highest quality available from Sigma Chemical Co. (St. Louis, MO, USA) unless otherwise stated. SAA antibodies were prepared from acute-phase SAA protein as described previously (5) . C57BL/6 mice were obtained from Harlan Sprague Dawley (Indianapolis, IN, USA).
Low-Molecular Weight Heparins
In the present study, dalteparin sodium injection (Fragmin, Pharmacia-Upjohn, Kalamazoo, MI) average molecular weight 5000 was prepared from a stock solution of 16 mg/0.2 ml (2500 anti factor Xa International Units). The solution was diluted in saline at pH 7.0 to a final dose of 0.006 mg/25 g mouse. Dalteparin was injected subcutaneously once per day for 5 days prior to amyloid induction and then every day following induction until the animals were killed. In addition, enoxaparin sodium injection (Lovenox, Rhone-Poulenc Rorer, Collegeville, PA) average molecular weight 4500 was prepared from a stock solution of 30 mg/ 0.3 ml (5000 antifactor Xa International Units). The compound was prepared to 0.01 mg/25 g mouse twice per day beginning 5 days prior to amyloid induction. The doses were comparable to clinically relevant levels [for dalteparin, this corresponds to 16 mg per injection per day and for enoxaparin, 30 mg per injection twice a day (17) ]. Subsequently, animals were injected with amyloid enhancing factor (AEF) and silver nitrate after 5 days dosing with LMWH was initiated. LMWH were continued for 5 additional days at which point the animals were killed.
In vitro Fibril Formation
Mouse SAA proteins were produced in vitro by infection of CV-1 monkey kidney cells with adenoviral vectors as described previously (18) . Each purified protein was dissolved in 10 mM Tris-HCl, pH 7.4 at a concentration of 1 mg/ml and incubated for 72 hr at 37ЊC. Samples were dried on glass slides, stained with Congo red, and examined under polarized light for fibril formation (3, 8) . Additionally, samples were diluted 1:5 or 1:10 with distilled water, placed on Formvar grids, then stained with 1% (w/v) uranyl acetate, and examined by electronmicroscopy (Hitachi H-7000). For coincubation studies, amyloid formation was determined by the fluorometric assay using the thioflavin T (ThT) method (19) . Samples were prepared in 10 mM Tris, pH 7.4 at 1 mg/ml, 50 ng/ml AA fibrils and incubated at 37ЊC for up to 24 hr. The samples were assayed in a spectrophotometer at excitation 450 nm and emission 482 nm. The reaction included 250 nM ThT. Samples were preincubated with enoxaparin or dalteparin at 10-fold molar excess (19) .
Induction of AA Amyloid
Animals were injected with 100 g of AEF into the tail vein followed by injection of 0.5 ml of silver nitrate (2% in water) subcutaneously. AEF was prepared as described previously (20) . After the times indicated for each experiment, animals were killed, and tissues were excised, placed in formalin, and embedded in paraffin. For experiments using the LMWHs, animals were injected subcutaneously with the indicated doses of compound starting at 5 days prior to amyloid induction and continued until the animals were killed. Eight-micron sections were cut and then subjected to Congo red staining or immunocytochemical analysis with anti-mouse SAA antibodies. Congo red staining was performed as described previously (8) . Quantification of amyloid was achieved by Congo red staining and image analysis (8, 16) . Briefly, the amyloid was quantified by digitizing the immunocytochemical or Congo red image for color (intensity and area) under low power (20ϫ) and compared to standard amyloid containing sections (0, 10, 20, 30, 40, and 50% of the tissue containing amyloid).
Immunocytochemical Analysis
For immunocytochemical analysis, sections were blocked with goat serum and incubated with the primary antibody (1:1000 dilution) overnight at 4ЊC (21) . The sections were washed and incubated with goat anti-rabbit secondary antibody linked to alkaline phosphatase. After washing, the sections were placed in diaminobenzidine HCl (DAB) and counterstained with hematoxylin.
Circular Dichroism
Circular dichroism (CD) measurements were done on a Jasco J-720 spectrophotometer (Jasco Inc., Easton, MD, USA). Measurements were made at 25ЊC. Each sample was scanned 10 times and noise reduction applied to remove the high frequency, before calculating molar ellipticities. The voltage to photomultiplier was kept below 500 V to prevent distortion of the CD spectrum. The data were plotted as described previously (22, 23) . CD data were obtained from the SAA1.1 in 150 mM NaCl, 20 mM Tris-HCl, pH 8.4, 1 mM EDTA, and in the presence of 1 mM added calcium with or without HS (0.23 mg/ml).
Statistical Analysis
All data are presented as the mean Ϯ SEM. Amyloid determinations were analyzed by ANOVA with Fisher's protected least significant difference. A amyloid deposition, and dalteparin showed a similar diminution of fibril deposition (Fig. 1e-h) .
Quantification of the amyloid levels in the spleen indicated a significant reduction in mice treated with LMWHs (Fig. 1i) . Dosing of mice with enoxaparin (0.01 mg/kg twice daily) or dalteparin (0.006 mg/kg/day) slowed the progression of amyloid deposition, resulting in a 4.5-and 4-fold decrease in amyloid detected in the spleen, respectively. Increasing the amount of LMWHs to 2 times the dose further reduced amyloid levels (Fig. 1i) , whereas higher quantities did not further affect the amyloid present (data not shown). Treatment with LMWHs did not alter SAA levels as determined by SDS-PAGE and Western blot analysis, indicating that the effects were on the deposition of SAA into AA fibrils and not at the level of synthesis (Fig. 1j) .
Prophylactic treatment will be beneficial to many individuals at risk for amyloidoses; however, therapeutic treatment of individuals with established amyloid is an important consideration. To determine the effects of LMWHs on established amyloid, mice were injected with AEF and silver nitrate and after 5 days LMWH therapy was initiated (Fig. 2) . Whereas mice injected with AEF and silver probability value of less than 0.05 was considered significant.
Results
To test the hypothesis that heparin may interfere with amyloid fibrillogenesis, we injected animals with clinical doses of LMWHs. The LMWHs are currently used in antithrombotic therapy in the treatment of unstable angina (24, 25) . The low molecular weight of these agents (4500-5000) and the clinical availability suggest that they may provide a novel treatment for amyloid diseases. Mice were injected with either enoxaparin (0.01 mg/mouse/twice daily) or dalteparin (0.006 mg/mouse/day) for 5 days prior to amyloid induction and continuing until the animals were taken for amyloid analysis (Fig. 1 ). Mice were injected with AEF (20) and silver nitrate on day 5, and after 5 additional days spleens were collected and examined for amyloid load. Uninjected mice were devoid of amyloid; in stark contrast, mice injected with AEF and silver nitrate had significant amounts of splenic amyloid (Fig. 1a and 1b compared to 1c and 1d). Mice injected with enoxaparin, demonstrated a dramatic decrease in nitrate followed by saline showed a continual increase in amyloid deposition, injection with enoxaparin not only stopped the progression of deposition, but also appeared to facilitate removal of the amyloid fibrils. Inoculation of mice with dalteparin gave rise to similar results with a slowing of the amyloidogenic process and eventually in the reversal of deposition (data not shown).
To demonstrate the ability of the LMWHs to inhibit amyloidogenesis, purified SAA proteins were subjected to in vitro fibrillogenesis in the absence and presence of enoxaparin and dalteparin (Fig. 3) . Incubation of fibrillogenic SAA1.1 (1 mg/ml) at 37ЊC resulted in the formation of amyloid fibrils similar to those seen when fibrils are isolated from amyloidotic spleens [ Fig. 3a , Axelrad et al. (20) and data not shown]. Incubation of SAA1.1 in the presence of a 10-fold molar excess of dalteparin (Fig. 3b) or enoxaparin (Fig. 3c) limited fibril formation in vitro. Quantification of the fibril extension showed a dramatic decrease in fibrillogenesis in the presence of the LMWH molecules (Fig. 3d) . In addition, fibrillogenesis was inhibited when A␤ peptides were utilized (Fig. 3e) . As with the SAA proteins, enoxaparin and dalteparin were capable of blocking fibril formation of the A␤ peptide in Alzheimer's disease, indicating that the LMWHs are not specific for AA amyloid and may provide a novel treatment for AD. LMWHs were also capable of preventing the formation of ␤-sheet structure as determined by circular dichroism analysis ( Table 1) . As shown in the table, HS interacts with specific protein to induce a shift in protein structure from random coil to ␤-sheet, and in the presence of LMWH this shift was inhibited. This suggests that LWMH may prevent fibrillogenesis by not allowing for structural changes necessary for fibril interaction and in established amyloid may interfere with the assembly resulting in a shift back to a nonfibrillar form.
Discussion
We have here demonstrated that LMWHs are capable of interacting with amyloidogenic proteins and inhibiting the fibrillogenic properties of the proteins and disrupting amyloid deposition in vivo. Furthermore, we have shown that LMWHs can slow Fig. 2 . Resolution of established amyloid in mice. LMWH resolved established amyloid in mice. Mice were treated with AEF and silver nitrate and after 5 days were subjected to subcutaneous injections of LMWH for the indicated times. Animals were killed on days 3, 5, 7, 9, and 11, and amyloid was quantified and plotted as mean Ϯ SEM (n ϭ 8 for each time point). Mice were injected with AEF and silver nitrate followed by: saline (᭹ ᎑ ᭹); enoxaparin at 0.01 mg per mouse twice a day (᭛᎑᭛). On day 11, the LMWH-treated group was significantly different from the saline-treated group (p Ͻ 0.001). sulfate, dextran sulfate, and pentosan polysulfate all enhanced the fibrillogenic capacity of the A␤ peptide significantly (33, 34) . On the other hand, Watson et al. (35) found that, using affinity co-electrophoresis, heparin bound with high affinity to the A␤ peptide and to amylin and promoted fibril formation. Shuvaev and Siest (36) showed that LMWHs stimulated the formation of A␤ fibrils, but that this activity was inhibited by high-affinity interactions with apolipoprotein E.
LMWHs have been implicated in altering the structural and synthetic properties of amyloidogenic proteins. HS proteoglycans are a component of the plaques associated with prion diseases and this interaction might have physiologic significance (37) . HS can increase the concentration of prion proteins (PrP) in neuroblastoma cells; LMWHs appear to inhibit the synthesis of PrPSc in scrapie infected cells. In addition, LMWHs were capable of converting PrPSc back to PrP as determined by the lack of infectivity of the molecules. Subsequently, data indicate that fragments of LMWHs (heparan disaccharides) were capable of blocking APP synthesis and inhibited the binding of heparin to APP (38) . To help determine the role of LMWHs in amyloidogenesis, we examined the effects of clinically available LMWHs on fibril formation both in vitro and in vivo using an animal model of AA amyloid.
In the current study, LMWHs did have a dramatic effect on the fibrillogenic properties of the amyloidogenic proteins. CD analysis demonstrated that LMWH can interfere with the in vitro HS stimulated ␤-sheet structure and this in turn inhibits the fibrillogenic capabilities of the molecules. This translated into an inhibition of amyloid deposition by preventing fibrillogenesis in vivo and by disrupting the preformed fibrils allowing for rapid degradation of amyloid fibrils. These observations contribute to a growing body of evidence implicating HS proteoglycans in the pathogenesis of amyloid diseases, including Alzheimer's, which may provide a potential target for therapeutic intervention to disrupt common pathogenetic mechanisms.
or stop the progress of amyloidogenesis and accelerate the removal of established amyloid. Understanding the principals involved in the inhibition of fibrillogenesis may allow the development of derivatives that may limit the progression of amyloid diseases.
Studies have shown that HS proteoglycans interact with amyloidogenic proteins and facilitate fibrillogenesis by altering the structural features of the molecules. Binding of fibrillogenic SAA1.1 to HS resulted in an increase in ␤-sheet structure whereas the nonfibrillogenic SAA2.1 or SAA2.2 were not structurally altered by interaction with HS (22, 26) . Subsequent studies have shown that SAA can bind with high affinity and specificity to heparin and HS, indicating that this interaction may be important in the amyloidogenicity of the proteins (27) . In addition, high-affinity interactions between the Alzheimer's ␤-amyloid precursor protein (␤-APP) and HSPG have been detected and that this binding can be inhibited by heparin (28) . Deletion mutagenesis identified two heparin-binding domains in the APP protein, and synthetic peptides to candidate heparin-binding regions identified at least four heparin binding sites (29) . The binding of HSPG to amylin (i.e., IAPP) enhanced fibril formation in a dose-dependent manner. Furthermore, HSPG interacts with amylin in a highly specific fashion and the association was abolished in the presence of heparin (30) . We hypothesize that indeed the interaction between amyloid proteins and HSPG may be important for fibrillogenesis.
There is some controversy over the role of heparin, derivatives of heparin, and sulfated compounds in the amyloidogenesis. Initial studies by Kisilevsky et al. demonstrated that polyvinylsulfate and aliphatic polysulfonates could interfere with HSPG-induced A␤ fibril formation and prevent the accumulation of AA amyloid in mice (16, 31, 32) . Recently, one study showed that removal of the sulfate moieties from heparin resulted in a complete loss in the enhanced A␤ fibrillogenesis (33) . In addition, compounds such as chondroitin-4-sulfate, dermatin (32) . Data are at 1-nm intervals made over the range of 190-240 nm in a 0.05-cm path length cell. The free calcium concentration was 1 mM and the HS concentration was 0.23 mg/ml. LMWH (enoxaparin) was used at a concentration of 2 mg/ml. The HS to protein ratio was approximately 1 to 2.
